Abstract-DC flash sintering of both pure and 0.5 mol.% Bi 2 O 3 -doped ZnO at a relatively high activating field of 300 V/cm has been investigated. It is demonstrated that even high-purity ZnO single crystals can "flash" at $870°C. In comparison, flash sintering occurs at a substantially lower onset temperature of $550°C in ZnO powder specimens, indicating the important roles of surfaces and/or grain boundaries. A model has been developed to forecast the thermal runaway conditions and the predictions are in excellent agreements with the observed onset flash temperatures, attesting that the flash starts as a thermal runaway in at least these ZnO based systems. Interestingly, enhanced grain growth is observed at the anode side of the pure ZnO specimens with an abrupt change in the grain sizes, indicating the occurrence of electric-potential-induced abnormal grain growth. With a large current density, the growth of aligned hexagonal single-crystalline rods toward the anode direction is evident in the ZnO powder specimen. Moreover, Bi 2 O 3 doping defers the onset of flash sintering, which can be explained from the formation of space charges at grain boundaries, and it homogenizes the microstructure due to a liquid-phase sintering effect. The key scientific contributions of this study include the development of a model to predict the thermal runaway conditions that are coincident with the observed onset flash sintering temperatures, the clarification of how flash starts in ZnO based specimens, and the observation and explanation of diversifying phenomena of sintering and microstructural development under applied electric currents.
Introduction
Recently, field-assisted sintering technology (FAST), also known as spark plasmas sintering (SPS) and pulsed electric current sintering (PECS), has attracted great interest because it can achieve high sintered density at a lower temperature in a shorter time with an improved microstructure [1] [2] [3] [4] [5] [6] . In 2010, Raj and colleagues invented "flash sintering" [6, 7] , in which they used an electric field (20-100 V/cm) to initiate rapid densification of 3YSZ (3 mol.% Y 2 O 3 -stabilized ZrO 2 ) in just a few seconds at hundreds of degrees below the normal sintering temperatures. Subsequently, flash sintering was demonstrated for 8YSZ (an ionic conductor) [8] , Co 2 MnO 4 (an electronic conductor) [9, 10] , La 0.6 Sr 0.4 Co 0.2 Fe 0.8 O 3 (LSCF, a mixed ionic electronic conductor) [11] , SrTiO 3 (a dielectric oxide) [12] , MgO-doped Al 2 O 3 (but not pure Al 2 O 3 ) [13] , MnO 2 -doped SnO 2 (but not pure SnO 2 ) [14] , SiC-Al 2 O 3 -Y 2 O 3 (but not pure SiC or SiC-Al-B 4 C-C) [15] , TiO 2 [16] , Ce 0.8 Gd 0.2 O 1.9 (GDC) [17] , and Y 2 O 3 [18] , An applied stress can further reduce the sintering temperature in flash-sinterforging [19] . Researchers also reported similar flash sintering (grain welding) effects induced by applied AC electric loadings using YSZ and BaCe 0.8 Gd 0.2 O 3-d specimens, where they argued that the current flow though the specimens (instead of the electric field) is the key parameter [20] [21] [22] .
Flash sintering differs from FAST because the applied electric field is typically higher, the sintering time is shorter, and the furnace temperature is lower. Thus, flash sintering can in principle be more cost-effective and energy-efficient. A mechanism for flash sintering must explain the simultaneous and discontinuous increases in mass transport kinetics and electrical conductivity. Originally, Raj et al. proposed three possible mechanisms [7] : flash sintering may be related to (1) Joule heating at grain boundaries that enhances grain boundary diffusion and electrical conductivity; (2) an avalanche nucleation of Frenkel pairs driven by the applied field; and/or (3) a non-linear interaction between intrinsic fields (space charges at grain boundaries) and the applied field that produces "a catastrophic change in self-diffusion at grain boundaries" [7] . More recent studies attributed the rapid sintering to a combination of Joule heating and defect generation (including possibly unconventional avalanches of Frenkel defects) [6, 13, 18, 23] or enhanced ionic and electronic transport long selectively-heated (and even selectively-melted) grain boundaries and dislocations [24] ; it was argued that that Joule heating alone is not sufficient for accounting for the observed fast densification [6, 13, 18, 23] . Chen and co-workers proposed electro-sintering of 8YSZ is due to ionomigration of pores resulted from surface diffusion of cations [25] [26] [27] . In this study, we proposed a model to predict the thermal runaway temperature that is coincidental with the observed onset flash temperature, thereby attesting that the flash (at least) starts as thermal runaway in ZnO.
Furthermore, recent "two-electrode experiments" revealed interesting and intriguing observations of the field effects on grain growth [6] . Conrad and colleagues showed that a relatively weak applied DC or AC field could inhibit grain growth of 3YSZ significantly [28] [29] [30] [31] [32] . Consequently, sintering is enhanced because a smaller grain size provides a greater driving force. In a separate controlled experiment, Raj and colleagues also suggested that an applied modest DC field of $4 V/cm can inhibit the grain growth in 3YSZ [33] . Two mechanisms have been proposed: Conrad explained this field phenomenon by the reduction in the grain boundary energy through interactions of the applied fields with the space charges near grain boundaries [30, 31] . An alternative explanation was that Joule heating at grain boundaries raised the local temperature and reduces grain boundary energy by an entropic effect; this not only reduced the driving force, but also created a pinning effect [33] .
More recently, Chen and colleagues demonstrated that an applied electric current (of $50 A/cm 2 ) could enhance the grain boundary mobility (by >10 times) in the cathode side discontinuously in 8YSZ, leading to abnormal grain growth [34] . They attributed this effect to the accumulation of supersaturated oxygen vacancies on the cathode side that caused cation reduction to lower its migration barrier [34] . In this study, we have observed a somewhat opposite effect: discontinuous (abnormal) grain growth and/or coarsening in the anode side in ZnO during the flash sintering, which can be explained from the possible occurrence of an electric-potential-induced grain boundary (defect) structural transition by extending and combining Chen and colleagues' concept (discussed above) [34] , Tuller's theory of grain boundary defect chemistry in ZnO [35] , and the idea of grain boundary complexion transitions [36] .
Most recently, flash sintering of nanocrystalline pure ZnO under AC fields between 0 and 160 V/cm was reported, where normal grain growth was observed [37] . In this study, we applied DC currents at a higher field of 300 V/cm to high-purity ZnO single crystals as well as pure and 0.5 mol.% Bi 2 O 3 -doped ZnO powder specimens. We have observed a number of interesting and intriguing phenomena, including the flash (thermal runaway) of ZnO single crystals, reduction of the onset flash temperature in powder specimens, anode-side abnormal grain growth (in contrast of the cathode-side abnormal grain growth reported for 8YSZ [34] ), growth of aligned single-crystalline rods, and doping effects on deferring the onset flash sintering and homogenizing microstructures, which have greatly deepened and enriched our fundamental understanding of the sintering and microstructural development under electric currents. Moreover, a quantitative model has been developed for predicting the thermal runaway conditions that are in excellent corroboration with experimentally-observed onset flash temperatures, thereby suggesting that the flash (at least) starts as thermal runaway in ZnO based specimens.
Experimental
The pure and 0.5 mol.% Bi 2 O 3 -doped powder samples were fabricated by using purchased ZnO (Sigma Aldrich, St. Louis, Missouri, USA: >99.9% purity, <0.5 lm particle size) and Bi 2 O 3 (Sigma Aldrich: P99.8% purity, 90-210 nm particle size) powders. Nominally pure ZnO powders were ball milled with alumina media for 2 h in isopropyl alcohol with 0.5 wt.% of binder (10 wt.% of polyvinyl alcohol or PVA dissolved in isopropyl alcohol). 0.5 mol.% Bi 2 O 3 -doped ZnO powders were prepared by ball milling mixtures of the oxide powders and 0.5 wt.% of binder in isopropyl alcohol for 10 h. All powders were subsequently dried in an oven chamber at 80°C for 12 h after milling. The 0.5 mol.% Bi 2 O 3 -doped ZnO powders were calcined at 600°C for two hours in air in a covered Pt crucible, followed by another round of 2-h ball milling in isopropyl alcohol with 0.5 wt.% of binder and subsequent drying. Dried pure and 0.5 mol.% Bi 2 O 3 -doped ZnO powders were pulverized in a mortar and sieved under 150 mesh of sieve. The resultant granulated powders were uniaxially pressed at $300 MPa in a mold (1/4 inch diameter) into green specimens (disks) with the approximate dimensions: D (diameter) = 6.4 mm and H (thickness) = 4 mm. The average bulk densities (±one standard deviations) of pure and 0.5 mol.% Bi 2 O 3 -doped ZnO green specimens were 63.5 ± 0.8% and 65.0 ± 2.2%, respectively, of the theoretical densities. The green specimens were then heated at the ramping rate of 5°C per minute to 500°C and baked at 500°C isothermally for one hour to burn out the binders. After measuring the dimensions and weight of each sample, both sides of the specimen were pasted by Pt inks (Heraeus Inc, West Conshohocken, PA; catalog number: 116668009) with Pt wire buried underneath. The pasted specimens were then heated at the ramping rate of 20°C per minute and baked at 500°C for 20 min. This baking process was repeated approximately eight times (to attach Pt wires firmly without going to a higher baking temperature to avoid any shrinkage of ZnO specimens) until the Pt wire was connected solidly to the dried Pt pastes.
The electroded sample was placed close to the thermocouple within a tube furnace, with Pt wire connected to the power source. Each specimen was heated at the ramping rate of 5°C per minute under an (initial) electric field at 300 V/cm (calculated based on the initial specimen thickness). Similar to a typical flash sintering experiment, the applied voltage was kept a constant until the resultant current reached a preset maximum value (I max = 1 and 4 A, respectively, for this study), at which point the power source switched from the voltage-control mode to a current-limited mode. The maximum current densities and final electric fields in the activated state were estimated based on the actual measured dimensions of sintered specimens listed in Table 1 , along with other experimental conditions and results. When the power density reached the maximum, the electric power source was kept on for an additional 30 s, with furnace being turned off (the furnace temperature did not change significantly with the 30 s). Then, the electric power was switched off and the specimen was cooled down within the furnace. The weight and dimension of the sintered specimens were measured to obtain the final bulk density.
High-purity ZnO single crystals (>99.99% purity, 5 mm Â 5 mm Â 0.5 mm, double-side polished) were purchased from MTI Corporation (Richmond, California, USA). Platinum was sputtered on both sides of the single crystal specimens using a Denton Discovery 18 Sputter System. The surrounding areas (sides of the single crystals) were slightly ground by SiC papers after sputtering. The specimen was placed in a horizontal tube furnace and attached with Pt wires on both sides to apply a 300 V/cm electric field to conduct a benchmark experiment with identical heating scheme as the powder specimens. The maximum allowed currents (I max ) were again set to be 1 and 4 A, respectively, although the actual current only reached $1.45 A in the latter case.
To further test our model with high precision, we performed a second experiment on a new ZnO powder specimen with two improvements. First, a high-purity ZnO powder (Sigma Aldrich, St. Louis, Missouri, USA: >99.99% purity; grain/particle size of the green specimen: 120 ± 50 nm) was used. Second, a high-resolution ammeter (a Prova 11 AC/DC mA Clamp Meter, Sigma Aldrich, St. Louis, Missouri, USA) was employed to allow us to measure more data points prior to the flash event with higher accuracies to test our thermal runaway model more critically and accurately. The rest of the experimental procedures were identical to those used for the flash sintering experiments of the single-crystal specimens.
The errors bars in Figs. 1 and 2 were estimated based on the precisions of the electric measurements.
Scanning electron microscopy (SEM) was carried out using a field-emission microscope (Hitachi SU6600, Japan) to characterize the microstructures. Grain sizes were measured using a standard intercept method by drawing 30 lines in the vertical, horizontal and diagonal directions of the SEM micrographs (excluding the lengths of intercept sections with voids) and assuming a geometric factor 1.5 (for ideal spherical grains).
A model to predict thermal runaway
We first present a model to predict the occurrence of a thermal (coupled with electric) runaway. We wish to point out that there are two fundamental scientific questions about the underlying mechanisms of the flash sintering, i.e.,
(1) How does the "flash" start? (2) How do densification and sintering occur after the start of the flash? The current modeling approach aims to address only the first (but not the second) question, which is an important open scientific question by itself.
We want to further emphasize that thermal runaway is one (but perhaps not the only) possible mechanism by which a flash can start. Yet, in the next section, we will show that the predicted thermal runaway temperatures are coincidental with observed onset flash temperatures for all ZnO based powder and single-crystal specimens studied here, thereby suggesting that the flash indeed starts as thermal runaway in at least these ZnO based specimens. was always set to be 300 V/cm; the power source switched to the current-limited mode for most specimens and the final electric fields (E) were calculated based on the measured voltages and the final specimen thickness. The estimated conductivities for ZnO powder specimens were calculated based on the estimated specimen temperatures and an empirical relation of r(T)
= 54e
À0.71eV/kT S/cm, reported in a prior study [40] for ZnO polycrystals. For a specimen under an applied electric field in a furnace, the rise of the specimen temperature is determined by the energy conservation law:
Sample
where T S and T F are the specimen (S) and furnace (F) temperatures, respectively, E is the applied electric field, and V S is the volume of the specimen. _ QðT S ; T F Þ is the rate of heat dissipation (including contributions from heat conduction, convection and radiation) that depends on the particular geometrical configuration and heat transfer environment. r(T) is the electric conductivity, which should include both the normal temperature-dependent conductivity and any contribution from non-equilibrium defects generated by the flash process (if there is any).
The heat dissipation should vanish when DT T S À T F = 0, while the left side of Eq. (1) is always positive. Thus, the specimen temperature will rise. Moreover, if a positive and finite solution of T F (DT) exists for Eq. (1), the temperature rise is stable. A necessary condition for an unstable temperature rise (a.k.a. a thermal runaway) is given by:
is a general parameter that characterizes the increase of heat transfer (dissipation) rate with the increasing specimen temperature, and it can be quantified for heat conduction, convention, and radiation, if all heat transfer parameters are known. For a case of blackbody radiation, a simple analytic equation exists:
where r Stefan (=5.67
) is the StefanBoltzmann constant, and A S is the surface area of the specimen. It is interesting to note that a only depends on the specimen temperature (T S ) for this case (Eq. (4)), as well as cases where simple linear laws ( _ QðT S ; T F Þ ¼ KðT S À T F Þ) for the heat conduction and convention are applicable and K can be assumed only to depend on T S (but not T F , which a valid approximation for small DT). This allows Eq. (2) to be solved numerically by a graphic construction method, which will be described and implemented in the following section.
It should be noted that Eq. (2) itself is a necessary, but not sufficient condition, for the occurrence of thermal runaway. Thermal runaway will start if both Eqs. (1) and (2) are satisfied simultaneously. In the current case where Eq. (2) is independent of the furnace temperature T F , we can use Eq. (2) to first solve the specimen temperature T S , and then use Eq. (1) to solve the furnace temperature T F from the specimen temperature T S . Thus, the actual solution (of T F and T S ) that we obtained via this procedure Fig. 1 . Measured electric power dissipation vs. furnace temperature curves for the flash sintering of pure and 0.5 mol.% Bi 2 O 3 -doped ZnO powder specimens (assuming no changes in the specimen volume in calculating electric power dissipation for simplicity) and ZnO single crystals. For each of the three cases, experiments were conducted for two specimens, where we set I max 6 1 A (with the corresponding data points being represented by squares) and I max 6 4 A (represented by circles), respectively (noting that the current did not reach 4 A for the single crystal specimen). The open red squares represent an additional new experiment where we used a high-purity ZnO powder and a highresolution ammeter so that we can measure more data points before the occurrence of the flash event (to allow a more critical test of the proposed thermal runaway model). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) (7) is applicable for the conductivity of the ZnO specimen before the flash.
(used in the next section) will satisfy both Eqs. (1) and (2) simultaneously; in other words, Eq. (1) is automatically satisfied by using this solution method that we adopted for our numerical analysis in the next section. In a more general case where Eq. (2) is a function of both T F and T S , Eqs.
(1) and (2) should be used together to solve both T F and T S simultaneously.
The thermal runaway condition (Eq. (2)) implies that an unstable rise of temperature will occur if more heat is generated than can be dissipated with an increase in the specimen temperature. In such a case, a temperature rise will lead to an increase in conductivity, which will subsequently increase electric power dissipation/heat generation and heat the specimen further in a positive feedback loop, which will essentially lead to a thermal runaway. This thermal runaway condition can be rewritten as:
where the left side is a material property (which also depends on the microstructure) and the right side depends on the specimen geometry and other experimental conditions (the applied field and the specific heat dissipation environment). We should also recognize the possibility that the left side of Eq. (2) (E 2 V S dr/dT) may fall below a again after first exceeding a; in such a case, the thermal runaway will stop at a higher temperature where a stable thermal equilibrium is achieved. Such a case is theoretically possible.
In the next section, we will demonstrate that the above model can predict the thermal runaway temperatures of both ZnO single crystals and powder specimens that are coincidental with the observed onset flash temperatures in all cases. The excellent agreements between the predictions and experiments ascertain the underlying hypothesis, i.e., a flash event starts as a simple case of thermal runaway (without the need of avalanching non-equilibrium defects as previously assumed) at least for the case of ZnO; however, we emphasize that this does not exclude the possible formation of non-equilibrium defects after the occurrence of the flash/thermal runaway in the activated state to accelerate sintering (to achieve fast densification rates that do not appear to be possible from simple extrapolations of temperature-dependent sintering rates, as prior studies have demonstrated [6, 13, 18, 23] ) and affect microstructural development.
Specifically, we will use the experimentally-measured r(T) to predict the thermal runaway conditions and to compare them with the experimentally-measured onset flash temperatures in the next section. The excellent agreement between the predicted thermal runaway conditions and observed onset flash temperatures is a strong evidence to support that the flash starts as a thermal runaway in these systems.
We acknowledge that the current modeling approach aims to explain how flash starts, but does not provide mechanistic understanding of the densification during the flash sintering. In addition, the thermal runaway model presented here is phenomenological in terms that it works regardless of whether the underlying conductivity r(T) is electronic or ionic. Nonetheless, the predictions are genuine without using of any free parameters (despite that we fit experimentally-measured r(T) to Arrhenius functions in the current cases of ZnO; we recognize that other r(T) functions may be needed for materials with non-Arrhenius behaviors).
Finally, we noticed a study published by Todd et al. in early 2015 [38] after the initial submission of this manuscript, where a similar thermal runaway model was proposed independently (with a slightly later submission date) to explain the occurrence of flash in 3YSZ (the most extensively studied flash sintering systems). Todd et al. [38] 's SU (static uniform) model is largely equivalent to the thermal runaway model presented here, although they formulated the criteria using slightly different equations and plot the "heating/cooling" diagrams differently. Todd et al. [38] also proposed a DNU (dynamic, non-uniform) model to explain the transit behaviors, particularly the incubation time, with success. 3YSZ is usually an ionic conductor (although the relevant conduction mechanisms can be different with the high field/current involved in the flash sintering, as discussed previously) and ZnO is an electronic conductor (a semiconductor self-doped with Zn interstitials and/or oxygen vacancies). The fact that similar thermal runaway models can be used to predict the onset of flash in both cases (as discussed in more details in the next section) demonstrates the general applicability of the thermal runaway mechanism for the start of flash beyond one system.
Results and discussion

Flash of ZnO single crystals
The main character of flash sintering is represented by abrupt and simultaneous increases in both the specimen temperature and the electric current. To establish a baseline, we measured the electric current and voltage as functions of furnace temperature and calculated the electric power/heat generation rates and conductivities for two ZnO single crystals with an (initial) applied electric field of 300 V/cm. Fig. 1 shows the nominal electric powder density (=the volumetric heat generation rate) vs. furnace temperature curves. For high-purity ZnO single crystals, the electric power density increased gradually and reached $0.1 W/mm 3 at $870°C. A thermal runaway or "flash" occurred at T F = 870°C and T F = 877°C, respectively, for the two ZnO single crystals ( Fig. 1; Table 1 ), where the electric power density increased abruptly to >1 W/mm 3 . In the current experiments, it was difficult to directly measure the specimen temperature. Thus, we adopted an approach proposed by Raj et al. to estimate the specimen temperatures by the black body radiation model [23] :
where W is the input electric power that was obtained experimentally. Subsequently, we plotted the measured conductivity (in a logarithmic scale) vs. the reciprocal of the absolute specimen temperature curves in Fig. 2 . While we recognize that this approach of estimating specimen temperature ignores the contributions of heat conduction and convection and the specimen is hardly an ideal blackbody (and, unfortunately, we do not have the available parameters to do better estimations), a good Arrhenius relation (good linearity in Fig. 2 ) has been obtained for the data obtained from the single crystals before the occurrence of the flash events. This provides us with some confidence on the estimated specimen temperatures and it further allows us to fit the conductivity vs. temperature curves to an empirical Arrhenius equation for ZnO specimens (but not for some other ceramic materials, where the underlying conduction mechanisms are complex and the temperature-dependent conductivity is non-Arrhenius):
where k is the Boltzmann constant and r 0 is a pre-exponential constant. The activation enthalpy, h, was fitted to be 1.98 ± 0.05 eV (190 ± 5 kJ/mol) and 1.89 ± 0.03 eV (182 ± 3 kJ/mol), respectively, for two single-crystal specimens (by excluding the first two data points, where the measurements were less accurate because of the low currents, and data points after the flash events).
It is important to note that the Arrhenius equation also applies well for the ZnO powder specimens, as demonstrated in Fig. 2(b) . Thus, Eq. (7) is adopted here for ZnO specimens in this study (as well as Todd et al.'s study [38] of 3YSZ), while we fully recognize that Eq. (7) or a simple Arrhenius relation does not apply to many other ceramic materials.
In Fig. 2 , we also plotted the measured conductivities vs. estimated specimen temperatures for the activated state (after the occurrence of the flash events). For ZnO single crystals, the measured conductivities are lower than what would be extrapolated from the Arrhenius equation. This implies the absence of the abnormally-high conductivities due to non-equilibrium defects (such as an abnormal avalanche of Frenkel defects) in ZnO; however, it does not exclude the possible generation of some non-equilibrium defects in the activated state. It should be noted that estimated specimen temperatures could have relatively larger errors for the specimens in the activated state (with great DT), which may account for the lower measured conductivities.
Using the fitted temperature-dependent conductivity relation, we calculated the differential heat generation rates (the left side of Eq. (2)) vs. specimen temperature curves for two ZnO single crystals and plotted them in Fig. 3(a) . In the same figure, we also plotted the differential heat dissipation rate (a) vs. specimen temperature curve that was calculated based on the specific specimen geometry and the applied electric field of 300 V/cm, assuming the black body radiation model (using Eq. (4)). The intersection of the curves of differential heat generation and dissipation rates represents the solutions of Eq. (2), or the flash condition, above which more heat is generated than that can be dissipated, leading to an unstable temperature rise (thermal runaway) or flash.
Specifically for the two ZnO single crystals, the predicted specimen temperatures for a thermal runaway (presumably the onset of the flash) are T S = 940°C and T S = 952°C, respectively, whereas the estimated specimen temperatures right before the flash from experiments are T S = 962°C and T S = 967°C (Table 1) , respectively, which are only 15-22°C higher, representing good agreements between the model and experiments (Fig. 3(a) ). Furthermore, the furnace temperatures for the thermal runaway can be predicted from Eq. (6) by using the predicted T S and the electric power dissipation computed from the fitted r(T); the predicted furnace temperatures for thermal runaway are T F = 870°C and T F = 877°C, respectively, which are virtually identical to the experimentallyobserved onset flash temperatures (Table 1 , Fig. 3(a) ).
While such surprisingly-good agreements may be somewhat coincidental, we want to point out three major reasons for the accuracy of the predictions (particularly for T F ). First, in the current procedure, the r(T) function was measured in situ while the specimens were in the same furnace/configuration as the flash sintering experiments, and the measured r(T) function was used (extrapolated) to predict the onset flash sintering temperatures subsequently. Thus, any error due to the temperature measurements using the thermal couple in the furnace is largely canceled. Second, the exponential nature of the r(T) function for the current case also made the predictions less sensitive to various approximations and errors.
Third, perhaps the most important underlying reason for the more accurate prediction of the furnace temperature (T F ) is that the error for predicted T F should be (much) less than that for the predicted specimen temperature (T S ). This is because the error caused by ignoring the heat conduction and convection, which is the major error for the current model, can be (partially) canceled in estimating T F . Specifically, we note that the main error for the current calculation comes from the estimation of the heat dissipation terms ( _ QðT S ; T F Þ and a) by using an overly-simplified blackbody radiation model. As T F = T S À DT, the errors in the estimation of the heat dissipation terms would change in the estimated T S and DT in the same direction; in other words, if we over/under estimate the heat dissipation (e.g., by using a simple blackbody radiation model), it will increase/decrease the estimated values of T S and DT in the same direction, so that the error in the final predicted T F (=T S À DT) can be (much) less. Consistently, the differences between the predicted and experimentally-estimated T S values are generally greater ($20 K in general), while predicted T F values agree with the experiments to higher precisions (±1 K in three of five cases), as shown in Fig. 3 (for both single crystals and powder specimens).
In summary, excellent agreements of the predicted thermal runaway temperatures and the observed onset flash temperatures have been achieved for single-crystal specimens ( Fig. 3(a) ), which has ascertained the proposed model and the underlying hypothesis that the flash starts as thermal runaway.
Flash sintering of ZnO powder specimens
We observed that flash sintering started at T F = 565°C and T F = 553°C, respectively, for two ZnO powder specimens ( Fig. 1; Table 1 ). Since the most recent study of AC flash sintering of ZnO found the onset flash temperatures to be at $670°C under 80 V/cm and $620°C under 160 V/cm, respectively [37] , the current observation of onset flash sintering at $553-565°C under a 300 V/cm DC (instead of AC) field shows a consistent trend of decreasing onset flash sintering temperature with the increasing applied field, regardless of whether a AC or DC field is applied (although the results presented in the next section will show that DC and AC fields can have very different effects on grain growth and microstructural development).
This study demonstrates that the onset flash sintering temperatures of powder specimens (T F = 550-600°C) are more than 300°C lower than the flash temperatures of ZnO single crystals (T F = 870-877°C) under the same applied DC electric field of 300 V/cm. This comparison suggests the important role of free surfaces (and/or grain boundaries) in initiating and sustaining the flash sintering. Specifically, it is well established that ZnO often contains surface conduction layers with high concentrations of free electrons (on the order of 10 12 electrons per cm 2 ) [39] ; thus, it is possible that the flash in ZnO powder specimens can occur via enhanced electric conduction along the free surfaces of ZnO particles. Based on Arrhenius extrapolations, the apparent conductivities of ZnO powder specimens are one order of magnitude higher than those of single crystals at the same temperatures (Fig. 2) , which is consistent with the hypothesis that enhanced conduction along free surfaces reduces the onset temperature of flash sintering.
Using the (only) two measured conductivity data for first two ZnO powder specimens before the flash (Fig. 2(a) ), we fitted the r(T) to Eq. (7) and calculated the differential heat generation and dissipation rates to predict the flash conditions via the same method used for single crystals. The results are shown in Fig. 3(b) as the Specimens #1 and #2, where the predicted and experimentallyestimated specimen temperatures at the thermal runaway/onset flash sintering are T ðpredictedÞ S = 650-662°C Fig. 3 . Computed differential heat generation and dissipation rates vs. specimen temperature curves for the pure ZnO (a) single crystals and (b) powder specimens, respectively. Each panel includes data from two or three specimens. The thermal runaway (flash) condition (Eq. (2)) can be determined graphically by finding the intersection of the heat generation and dissipation rates curves, above which more heat is generated than that can be dissipated, leading to thermal runaway. Noting that the second condition for determining the start point of thermal runaway (Eq. (1)) is automatically satisfied in the current model and numerical approach of solving T S and T F ; see text for explanation. = 553-565°C, respectively. The agreements (<30°C in all cases) are satisfactory, given the relative large errors for measuring conductivities at low currents (that are measured using a low-resolution ammeter).
A major error source for predicting the thermal runaway conditions for ZnO powder Specimens #1 and #2 in Fig. 3(b) came from the fact that we could measure only two data points before the flash for the powder specimens due to the low resolution of our prior ammeter (Fig. 1) . Thus, we further conducted an additional experiment using a new high-resolution ammeter that allowed us to measure many data points before the occurrence of the flash. These new data are represented by the open squares in Figs. 1 and 2 (referred to as the "new ZnO powder specimen") and the Specimen #3 in Fig. 3(b) . There are three main observations. First, this new experiment used a higher-purity ZnO (99.99%) powder with smaller starting particle/grain size, which resulted in a somewhat higher onset flash temperature (Fig. 1) . Second, this new experiment clearly showed the conductivity of ZnO powder specimen follows the Arrhenius relation (Eq. (7)), as shown in Fig. 2(b) . Finally, this new set of data, where we can measure/fit r (T) to a higher accuracy, lead to the prediction of the thermal runaway temperature that matches the measured onset flash temperature to a higher precision: specifically, the predicted T F for a thermal runaway is 598°C vs. the measured T F for the onset of flash is 599°C (Fig. 3(b) ), while the difference in the predicted and experimentally-estimated T S is $28°C. The three reasons for the excellent (and somewhat surprising) agreement in the predicted and observed values of T F ($1°C in this specific case) are discussed in the last part of Section 4.1.
The above agreements (Fig. 3(b) ) suggest that the flash sintering in ZnO powder specimens also starts as a result of thermal runaway (similar to the flash of ZnO single crystals) and the model proposed in Section 3 is applicable. We further note that a similar thermal runaway model proposed by Todd et al. [38] independently (which was submitted ten days later than the original submission of this manuscript) can also quantitatively explain the occurrence of flash in 3YSZ, an ionic conductor and the most extensively-studied flash sintering system, implying the general applicability of the thermal runaway mechanism for the start of flash beyond ZnO (an electronic conductor or a semiconductor self-doped with Zn interstitials and/or oxygen vacancies).
The specimen temperatures at the activated state have also been estimated based on Eq. (6). The measured conductivities for the activated state are higher than those extrapolated from a simple Arrhenius relation using the low-temperature data measured before the sintering; however, a simple Arrhenius relation is not expected for this case because the relative densities of the specimens increased from $63.5% to $90% after the flash sintering, accompanying with grain growth, which should affect (increase) conductivity in a nonlinear fashion that is difficult to predict. Alternatively, we estimated the conductivities based on the estimated specimen temperatures and an empirical relation obtained for polycrystalline ZnO specimens in prior studies [40, 41] ; these estimated conductivities are listed in Table 1 , along with the measured conductivities. Specifically, the estimated specimen temperature is 1002°C for the specimen with I max = 1A, which is more than 400°C higher than the furnace temperature ($565°C); the corresponding estimated conductivity at 1002°C based on Ref. [40] is 8.4 Â 10 À2 S/cm, which is close to the actual measured conductivity of 6.9 Â 10 À2 S/cm. For the specimen with I max = 4A, the estimated specimen temperature is 1407°C, more than 850°C higher than the furnace temperature ($553°C); the corresponding estimated conductivity at 1407°C is 3.9 Â 10 À2 S/cm, which is again close to the measured conductivity of 3.1 Â 10 À2 S/cm. In both cases, the differences are only $20% (even if the prior study measured ZnO polycrystal specimens with different/unknown microstructures [40] ), suggesting that the conductivities at the activated state during flash sintering are similar to those of normal ZnO polycrystal specimens; thus, the presence of a substantial amount of non-equilibrium defects is not needed to explain the observed conductivities, though some non-equilibrium defects may exist and accelerate sintering rates and affect microstructural development.
When the maximum current was set to be 1 A, a relative density of 90.8% was achieved after the flash sintering (30 s in the activated state, where J max % 3.9 A/cm 2 and E % 52 V/cm at the final steady state; noting that E was set to 300 V/cm before the power source switched to the current-limited mode for all cases). When the maximum current was set to be 4 A (J max % 15.4 A/cm 2 and E % 44 V/cm at the final steady state), a slightly lower sintered density (87.3%) was achieved. The reduction of densification at the high current density is presumably caused by excess grain growth. Given the high specimen temperatures reached at 4 A, the volatility of ZnO may also be a relevant factor. The measured grain size is >10 times greater and highly non-uniform in the latter case, which will be discussed in detail in the next section. The results of sintered densities and measured grain sizes are summarized in Table 1 .
Asymmetrical microstructural development: potentialinduced abnormal grain growth
A particular intriguing and interesting observation of this study is represented by the anode-side abnormal grain growth and/or coarsening during the flash sintering of pure ZnO powder specimens (noting that here the term "abnormal grain growth" is used to represent a case of abruptly faster grain growth in the anode side with an overall bimodal grain size distribution in the specimen); the measured grain sizes are substantially greater in the anode (+) side than those at the cathode (À) sides. When the maximum current was set to be 1 A (J max % 3.9 A/cm 2 ), the average grain sizes of cathode (À) and anode (+) sides, respectively, were measured to be 0.4 ± < 0.1 lm and 0.9 ± 0.1 lm, respectively; this grain size disparity is clearly evident in Figs. 4(a) vs. (b) and 5. Since the starting particle size was slightly smaller than 0.5 lm, essentially no grain growth occurred at the cathode side, while the grain size doubled at the anode side. When the maximum current was set to be 4 A (J max % 15.4 A/cm 2 ), the disparity increased further. The average grain sizes of the cathode and anode sides, respectively, were measured to be 3.5 ± 1.8 lm and 32.3 ± 5.6 lm, respectively (Fig. 6) . In this case, there was substantial grain growth at the cathode size (by approximately 8Â) and excess grain growth at the anode side (by approximately 80Â); in the final state, the grains are about 10Â larger at the anode side. In the most recent study of flash sintering of ZnO, AC fields (up to 160 V/cm) were used so that the asymmetric microstructural development and abnormal grain growth were not observed [37] .
It is interesting to note that the grain growth was much greater with a current limit of 4 A than that with 1 A, with the identical maximum electric field (before the switch to current control), which suggests that the maximum field experienced is not the determining factor in inducing grain growth.
The observation of enhanced grain growth at the anode side is somewhat in contrast to a prior report, where the grain growth was found to be enhanced at the cathode side in 8YSZ [34] . In that study, the grain growth occurred at the cathode side, which should not occur at that temperature without an electric current normally; Chen and co-workers attributed enhanced grain boundary mobility to the interaction of supersaturated oxygen vacancies and grain boundaries and a possible grain boundary reduction reaction that lowers the cation migration barriers [34] . Adapting and extending Chen and coworkers' theory from 8YSZ to ZnO, we propose that in the current case of ZnO, electrons accumulate at the anode size (due to the positive electric potential) and interact with surfaces and/or grain boundaries to enhance the interfacial transport rates via an oxidation reaction that increases the local cation vacancy concentration, which subsequently accelerates the coarsening of particles and/or grain growth during the flash sintering. Consistently, Tuller suggested that cations diffuse along ZnO grain boundaries via cation vacancies formed via an oxidation reaction at grain boundaries [35] . According to/adapting the grain boundary oxidation reaction originally proposed by Tuller [35] , the following defect chemical reactions may occur at ZnO grain boundaries in the anode side, induced by the presence of excess electrons:
Tuller also pointed out that the formation of Zn vacancies at grain boundaries appears to be counterintuitive since ZnO is normally believed to be a metal excess (or oxygen Fig. 4 . SEM micrographs of (a) the cathode (À) side and (b) the anode (+) side of a fractured surface of a pure ZnO specimen flash-sintered with a low current density. Fig. 5 . SEM micrograph of a fractured surface of a pure ZnO specimen flash-sintered with a low current density, showing an abrupt transition from small to large grains. This transition occurred at a region that was located at about 56 lm away from the anode edge. Fig. 6 . SEM micrographs of (a) the cathode (À) side and (b) the anode (+) side of a fractured surface of a pure ZnO specimen flash-sintered with a high current density. deficient) material [35, 39] . However, this disparity between the bulk and grain boundary defect structures can be well rationalized since the thermodynamic states [36, 42, 43] and (therefore) the defect structures [44, 45] of grain boundaries can often differ markedly from those of the corresponding bulk materials. If the above hypothesis of forming cation vacancies at ZnO grain boundaries (and free surfaces) induced by the positive electric potential and the corresponding accumulation of electrons is true, the grain growth and/or coarsening can be enhanced at the anode side, corroborating with the experimental observations made in the current study (Figs. 4-6) .
Moreover, Fig. 5 shows an abrupt (discontinuous) transition between the large and small grains and this transitional line is located at $56 lm away from the anode edge of the pure ZnO sample that was flash-sintered with I max = 1 A (noting that that the abnormal grain growth only occurred within a short distance to the anode in this specimen). A similar discontinuous transition was observed in 8YSZ by Kim et al. [34] . A discontinuous increase in grain boundary mobility and the associated abnormal grain growth indicate the possible occurrence of a grain boundary structural (complexion) transition [36] , which, in the current case, is presumably a subtle structural transition associated with the formation of excess cation vacancies at grain boundaries (Eq. (8)) (that is difficult to be verified directly via experiments). Similar abnormal grain growth behaviors have been previously attributed to the formation of intergranular films [46] and complexion transitions [47] [48] [49] in two separate studies.
This abrupt transition (Fig. 5 ) also suggests that the disparity in grain growth is unlikely to be a simple result of temperature non-uniformity (in addition, the geometrical and heat transfer conditions were kept symmetric with respect to the anode and the cathode in our experiments); otherwise, a gradual change in the grain sizes would generally be expected (unless there is a temperature-induced discontinuous interfacial structural transition that occurs coincidentally).
Asymmetrical microstructural development: growth of single-crystalline rods against the direction of the electric field
At the high current density of J max % 15.4 A/cm 2 (I max = 4 A), the growth of aligned single-crystalline rods and fibers was observed in the pure ZnO powder specimen, which presumably occurred at the cracks. Fig. 7(a) shows the growth of an array of such rods at $1.4 mm away from the anode, and Fig. 7(b) shows some fibers grown at another location in an expanded view. These fibers and rods ranged from $5 to >30 lm in their lengths. Many rods and fibers are hexagonal, and Fig. 7(c) shows enlarged views of some hexagonal rods. This observation suggests a directional growth of ZnO rods and fibers along the c axis of the ZnO crystal structure; this directional growth along the h0 0 0 1i direction is likely related to the polarity of the ZnO crystal structure, in which positively-charged Zn-(0 0 0 1) planes and negatively-charged O-(0 0 0 1) planes are packed alternatingly [50] .
It should be pointed out that the growth of ZnO rods may be related to local melting at cracks (therefore liquid-phase growth locally). Nonetheless, it is interesting to note that the alignment of ZnO rods does show an electric field effect. We should note that this experiment was performed at a current density that is higher than those commonly used in normal flash sintering. Nonetheless, the growth of aligned ZnO rods represents yet another interesting observation.
It is also interesting to note that all ZnO fibers and rods grew toward the anode direction (Fig. 7) . In comparison, Chen and co-workers found that pores migrated against the direction of the electric field via an ionomigration mechanism, along with enhanced grain growth in the cathode side, in a series of systematic studies of 8YSZ [25] [26] [27] 34] . In the current case, the ZnO rods and fibers grew against the direction of the electric field (Fig. 7) , while the coarsening and grain growth were enhanced at the anode side (Figs. 4-6 ).
The effects of Bi 2 O 3 doping
We further conducted experiments to test the effects of Bi 2 O 3 doping on the flash sintering and microstructural development, which had not been conducted before. We have revealed several interesting phenomena, as discussed below.
First, addition of minor (0.5 mol.%) amount of Bi 2 O 3 dopants defers the onset of the flash sintering of ZnO powder specimens from (T F =) 553-565°C to (T F =) 620-621°C, despite that Bi 2 O 3 is typically considered as a sintering aid that should lower the sintering temperature of ZnO [51] . Moreover, this observation appears to be in contrast to several prior studies, where doping enabled or promoted the occurrence of flash sintering in Al 2 O 3 (with MgO doping) [13] and SnO 2 (with MnO 2 doping) [14] . However, the observation of deferring onset flash sintering of ZnO by Bi 2 O 3 doping can be readily understood via the doping effects on forming potential barriers at grain boundaries. Bi 2 O 3 -doped ZnO is a prototype system for varistors, where double Schottky barriers (as a result of space charges) form at grain boundaries, leading to nonlinear I-V behaviors [52] . The formation of such potential barriers at grain boundaries reduced the conductivities of the powder specimens, as evident by the measured conductivities shown in Fig. 2(a) , which subsequently deferred the onset of the flash sintering (Fig. 1, Table 1 ).
Second, although Bi 2 O 3 can delay the onset of flash sintering by decreasing the conductivities (below the solidus line of ZnO-Bi 2 O 3 binary system), the ZnO-Bi 2 O 3 binary system has a eutectic reaction at 740°C, above which a Bi 2 O 3 -based liquid phase forms; this can then significantly enhance sintering via liquid-phase (or solid-stare activated [51] ) sintering mechanisms above (or near) the solidus line. Moreover, a series of prior studies demonstrated that nanometer-thick, premelting-like (quasi-liquid) films (that are 2-D interfacial "phases" and also called "complexions" [36, 42, 43, 47, [53] [54] [55] [56] [57] [58] ) can develop at both grain boundaries [51, 59, 60] and free surfaces [61] [62] [63] [64] below the bulk eutectic temperature of 740°C. All these facts suggest a modified flash sintering mechanism in Bi 2 O 3 -doped ZnO, where r(T) can no longer be represented by a simple Arrhenius relation (as being assumed for pure ZnO single crystals and powder specimens). Experimentally, the onset flash sintering occurred at the furnace temperatures of T F = 620-621°C in the current study; the corresponding specimen temperatures are estimated to be 667-734°C (Table 1) , which are slightly below the bulk eutectic temperature of 740°C. This suggests that the occurrence of flash sintering is resulted from the formation of either a small amount of Bi 2 O 3 -based bulk liquid phase or interfacial liquid-like complexions [51, 59, 60] , which changes (increases) the conductivity of the specimens substantially. This hypothesis is consistent with and supported by the measured conductivities shown in Fig. 2 .
Third, at the activated (flash sintering) state, the estimated specimen temperatures are 877°C (for J max % 3.9 A/cm 2 ) and 1254°C (for J max % 15.2 A/cm 2 ), respectively (Table 1) , well exceeding the eutectic temperature of 740°C; thus, this is a case of liquid-phase sintering, which may be modified (enhanced) by applied electric currents. We should further note that the addition of Bi 2 O 3 increased the conductivity above the solidus line (although it decreased the conductivity below the solidus line), as shown in Fig. 2(a) , which subsequently reduced the specimen temperatures in the activated flash sintering state (by $100-150°C under identical I max ; see the estimated specimen temperatures in Table 1 ); yet substantial densification and grain growth were resulted from the liquid-phase sintering effects in the activated state (Table 1, Fig. 8) .
Finally, Bi 2 O 3 doping also made the grain growth and microstructural development uniform at both the cathode and anode sides. Fig. 8(a) and (b) shows the microstructures of cathode and anode sides of the 0.5 mol.% Bi 2 O 3 -doped ZnO specimen that was flash-sintered with J max % 3.9 A/cm 2 (under the conditions identical to those used for the pure ZnO powder specimens); the measured grain sizes of cathode (À) and anode (+) sides, respectively, are 2.0 ± 0.2 lm and 1.7 ± 0.2 lm, respectively, which are essentially identical within the experimental errors. Furthermore, Fig. 8 shows a typical liquid-phase sintering microstructure with pores of $0.5 lm in diameters being trapped at grain boundaries. A sintered density of 91.5% has been achieved at this sintering condition (J max % 3.9 A/cm 2 ), which is slightly higher than that of pure ZnO powder specimen flash-sintered at the identical conditions (Table 1) . At a high current density of J max % 15.2 A/cm 2 , the sintered density reduced to 88.2% of the theoretically density, which could again be attributed to excess particle coarsening and grain growth during the initial stage of flash sintering; the measured final grain size is $13 lm, being identical at the cathode and anode sides within the experimental errors ( Table 1 ). The homogenization of microstructures and inhibition of the anode-side abnormal grain growth (that was observed for pure ZnO) can be attributed to a liquid-phase sintering effect.
Conclusions
DC flash sintering experiments were conducted for both pure and 0.5 mol.% Bi 2 O 3 -doped ZnO, along with benchmark flash experiments of ZnO single crystals, at a relatively high fixed initial applied electric field of 300 V/cm. The main findings and conclusions are summarized as follows:
A key contribution of this study is the development of a model to predict the thermal runaway conditions that are coincidental with the observed onset flash temperatures in all ZnO based specimens. The excellent agreements between the predicted thermal runaway temperatures and observed onset flash temperatures authenticate the key underlying hypothesis, i.e., the flash starts as a thermal runaway for at least ZnO single crystals and powder specimens (as well as 3YSZ as demonstrated independently by Todd et al. in a publication [38] that was submitted shortly after the initial submission of this manuscript, which we noted during the revision of this manuscript) without the need of introducing an avalanche of non-equilibrium defects, although some non-equilibrium defects may form after the onset of the flash to accelerate the sintering (to account for the fast densification rates [6, 13, 18, 23] ) and affect microstructural development; the Bi 2 O 3 doping leads to the formation of a bulk eutectic liquid or liquid-like interfacial complexion that causes a discontinuous increase in conductivity to initiate the flash sintering in a similar mechanism. Compared with single crystals, the flash of ZnO powder specimens occurs at a substantially lower temperature, indicating the important roles of surfaces and grain boundaries; in particular, the reduction of onset flash temperature is explained from the enhanced conduction along the surfaces of ZnO particles, and this mechanism is also supported by the conductivity measurements and the model-experimental comparison. One intriguing and interesting observation is represented by the enhanced coarsening and/or grain growth at the anode side during the flash sintering, in contrast to the enhanced grain growth at the cathode side that was previously reported for 8YSZ [34] ; the observation of a discontinuous transition between small and large grains suggests the occurrence of abnormal grain growth/-coarsening resulted from an interfacial (defect) structural transition [36] ; this cathode-side abnormal grain growth can be explained from the electric-potential-induced accumulation of electrons and an associated oxidation reaction to form excess cation vacancies at ZnO grain boundaries that promote interfacial diffusion, following Tuller's theory of ZnO grain boundary defect chemistry [35] , as well as extending and combining Chen and colleagues' original concept of potential-induced abnormal grain growth [34] and the idea of grain boundary complexion transitions [36] . Aligned growth of single-crystalline ZnO rods and fibers toward the anode direction was observed at a high current density for the pure ZnO powder specimen. Bi 2 O 3 doping defers the onset of flash sintering, which is in contrast with prior studies where doping promoted flash sintering [13, 14] ; however, this observation can be readily explained by the formation of double Schottky barriers at grain boundaries of Bi 2 O 3 -doped ZnO, a prototype varistor material. Bi 2 O 3 doping also homogenizes the microstructure (by eliminating the anode-side abnormal grain growth) via a liquid-phase sintering effect. In summary, this study elucidates the flash mechanism, establishes a quantitative model and approach to predict the onset flash (thermal runaway) temperatures, and reports diversifying phenomena of sintering and grain growth under the influences of electric fields and currents. 
